We investigated the composition of the vegetation in two former mining regions in Central Slovakia: Banská Štiavnica with predominant Pb-Zn contamination and Staré Hory with a very high Cu content in the soil. Old heaps rich in heavy metals are covered with specific vegetation. On the Cu-rich spoil heaps, species-poor plant communities with prevailing Agrostis stolonifera, Avenella flexuosa, Acetosella vulgaris, Arabidopsis arenosa, Silene dioica, and S. vulgaris occur. Species such as Agrostis capillaris, Acetosella vulgaris, Arabidopsis arenosa, and Thlaspi caerulescens appear frequently on Pb-Zn mine wastes. Several differences in the vegetation structure were detected between the Pb-Zn and Cu mine heaps; higher amounts of vascular plants and fewer lichen species covered the Pb-Zn mine heaps. For the Cu mine heaps, on the contrary a small number of vascular species but a high number and coverage of lichen species, especially Ceratodon purpureus and Cladonia arbuscula subsp. mitis were typical. The non-metalliferous meadows in the vicinity of the mines showed uniform structure but a higher species diversity.
Introduction
Mine spoil heaps are habitats with specific ecological conditions that originate from the mining of ores and subsequent pollution of soil with extreme quantities of heavy metals. Due to the toxicity of most heavy metals, only a few plant species can grow there. They have developed different mechanisms to cope with the hostile environment and form distinctive plant communities (Ernst, 1974) . The peculiarity of these plants was described as early as in the 16 th century; in 1556, Agricola mentioned a certain herb growing along ore veins, and Thalius stated in 1588 that Minuartia verna was an indicator of ores in the Harz Mountains (c.f. Brooks, 1998) . Since that time the vegetation on heavy metal rich soils has become the object of numerous studies.
Many metal rich remnants of former mining are found in Central Slovakia. In the two regions Banská Štiavnica and Staré Hory the intensive mining dates back to medieval times. Both regions belonged to the most important mining centers of Europe in the 18 th and the first half of 19 th century. Several spoil heaps occur in the surroundings of mines until today.
For the old Cu mine heaps in Staré Hory region, first data about their vegetation were published by Prát & Komárek (1934) . Later the plant communities were studied and classified into the association Cladonio mitis-Silenetum inflatae (Banásová, 1976) . Ecophysiological studies of Acetosella vulgaris, Agrostis stolonifera and Silene dioica from these habitats showed the development of tolerant ecotypes (Masarovičová & Holubová, 1998 . Anatomical adaptations in the roots of Silene dioica originating from this region were described (Martinka & Lux, 2003) .
For the Pb-Zn rich habitats in Banská Štiavnica, the floristic composition was analyzed and anomalous growth of Dianthus carthusianorum and Lotus corniculatus was observed (Banásová, 1988) . Also in Thlaspi caerulescens originating from this site, anatomical adaptations in the roots to the high Cd were reported (Zelko & Lux, 2004) . First comparison of the vegetation cover in two contrasting habitats in the Banská Štiavnica region revealed differences in dominant plants and richness of plant species, between the metalliferous outcrop of an ore vein and non-metalliferous soils (Banásová et al., 1998) .
The aim of this investigation is to compare the structure and species composition of grasslands in metalliferous (mine spoil heaps) and non-metalliferous habitats (meadows) in two mining regions with contrasting heavy metal load in the soil.
Material and methods

Site description
The field investigations were carried out in two mine regions in Central Slovakia (Fig. 1 ) differing in geological conditions and type of ores. The region Banská Štiavnica is characteristic by Pb-Zn ore excavation. The ore vein is developed in andesites with quartz (KODĚRA et al., 1990) . The study sites were the spoil heaps around the mine Alžbeta (18 • 53 49 E, 48 • 27 55 N) and the mine Terézia (18 • 51 45 E, 48 • 26 29 N) located in the altitude of 600 to 800 m.
In the region Staré Hory, Cu ore was excavated. The metal vein runs in the crystalline slates. Minerals such as siderite, tetraedrite and chalcopyrite and the secondary copper minerals are typical for the entire region (KODĚRA et al., 1990) . The study sites were the old heaps in Richtárová (19 • 07 50 E, 48 • 50 23 N) and Špania Dolina (19 • 08 06 E, 48 • 48 28 N) located in the altitude of 600 to 800 m.
The non-metalliferous mown meadows were located in the vicinity of the spoil heaps in each of the two mining regions.
Analyses of the vegetation
Vegetation structure and composition were recorded using methods of BRAUN-BLANQUET (1964) . Five phytosociological relevés were recorded in each site on the mine spoil heaps and on non-metalliferous meadows. Dominants and other associated plants were identified. The nomenclature of plant species followed MARHOLD & HINDÁK (1998) .
Soil analyses
The soil samples were taken from the root space of plants (depth of 0-5 cm) in mine spoil heaps and in nonmetalliferous meadows. Air-dried soil samples were passed through a 2-mm stainless steel screen sieve and processed for analysis by boiling 2 h under reflux conditions with aqua regia. The total contents of metals measured were by the flame AAS; the means and standard deviations were calculated.
Results
Characteristics of ecological conditions
In both mine regions the mine spoil heaps are composed of parent stones and leftovers from rocky ore material. They contain stones of sizes over 2 cm in very high amounts; in the region Banská Štiavnica stones reach ca 60% (Banásová, unpublished) and 60-70% in the region Staré Hory (Banásová, 1976) . Our analyses showed differences in Pb, Zn, Cd and Cu contents between the soils of the mine heaps in the two mine regions (Tab. 1).
Region Banská Štiavnica. The soils in mine heaps contain high concentrations of Zn, Pb, Cd and a slightly increased content of Cu. The soils in nonmetalliferous meadows contain slightly higher amounts of Pb, Zn and Cd in comparison with data for the "normal" soils. Cu content exceeds slightly the level of noncontaminated "normal" soils.
Region Staré Hory. Cu is the element with the highest concentrations in this site. Concentrations of Zn and Cd are close to the level comparable with the natural soils. Regarding Pb, its content is higher in comparison with natural soils but lower in comparison with the mine heaps in the region Banská Štiavnica. Pb, Zn and Cd contents in the soils of the non-metalliferous meadows do not exceed the limit for the "normal" soils. Interestingly, the concentrations of Cu are slightly higher even in the grasslands.
Species composition and vegetation structure Region Banská
Štiavnica. An open plant community, i.e. a mosaic of stands has developed on the Pb-Zn mine heaps. Grass species such as Agrostis capillaris, Avenella flexuosa, dicotyledons e.g. Arabidopsis arenosa, Dianthus carthusianorum, Lotus corniculatus, and Acetosella vulgaris, the species with good clonal growth occur frequently. The fern Asplenium septentrionale growing in the fissures between stones and the stable zinc hyperaccumulator Thlaspi caerulescens are abundant. Several xerothermophilous species tolerating Table 1 . Total concentrations of Pb, Zn, Cd and Cu in the soils (mg kg −1 ) in mine heaps and in non-metalliferous meadows. The mean concentrations in "normal" soils were according to Ministry of Environment of the Slovak Republic. Mean ± standard deviation were calculated when the number of samples was > 2.
Samples
No only in meadows Trisetum flavescens 2 2 1 2 1 2 1 2 2 2 Dactylis glomerata 2 2 1 2 1 + 2 1 1 1 Briza media 1 2 1 1 1 + + 1 + 1 Poa pratensis 1 1 1 2 2 2 1 1 Festuca pratensis 1 1 Elytrigia repens 1 1 1 2 Trifolium pratense 1 1 1 1 1 1 1 1 2 1 Trifolium repens 1 1 1 2 2 1 1 2 1 1 Achillea millefolium + 1 2 2 2 2 2 2 1 2 Leucanthemum vulgare 2 2 2 2 2 1 1 2 2 2 Leontodon hispidus 1 2 2 2 + 1 2 2 2 Acetosa pratensis 1 2 1 + 1 2 + 1 1 Hypericum perforatum 1 1 2 2 1 + + 1 1 Jacea pseudophrygia 1 2 1 2 1 1 + + 1 Knautia arvensis + + 2 2 1 2 1 Campanula glomerata 1976). Other lichens such as Cetraria islandica and Parmelia saxatilis were also found here. The epilitic lichens Lecanora altra, L. hercynica, Lecidea spp. and Rhizocarpon lecanorinum occur on the surface of the stones. Vascular plants prevail, but particularly high portion of lichens in the vegetation structure is characteristic (Fig. 2) . Species richness in relevés of Cu mine heaps in this region showed 7 vascular plants and 5 non-vascular plants in average. The non-metalliferous meadows composed of 37 vascular plant species in average contain wide range of typical meadow species e.g. Arrhenatherum elatius, Briza media, Poa pratensis, Trisetum flavescens, Achillea millefolium, Campanula glomerata, Leucanthemum vulgare, Ranunculus acris, Salvia pratensis, Tragopogon pratensis, Silene vulgaris and Thlaspi caerulescens (Tab. 2). The absolute dominance of vascular plants is characteristic of the vegetation structure (Fig. 2) . Ružičková (2002) considered the meadows in this region as the Arrhenatherion elatioris and Polygono-Trisetion.
Discussion
Heavy metal contamination
The primitive technology of mining in medieval times in Slovakia had generated an extraordinarily high content of metals in the spoil heaps. High concentrations of Zn, Pb and Cd occur in the soils of mine heaps in the region of Banská Štiavnica and high Cu contents in the soils of the heaps in Staré Hory region. Although Zn and Cu are essential elements for plants they are toxic in high concentrations (Song et al., 2004) . The other two elements Pb and Cd are not needed and they are invariably toxic for plants.
The non-metalliferous soils in the meadows in both regions showed lower concentrations of metals as compared to metalliferous habitats. It is noteworthy, however, that the Zn and Pb contents of the grassland soils in Banská Štiavnica and Cu of the grassland soils in Staré Hory exceed the values that usually occur in nonmetalliferous soils. These higher metal contents in the background of the relevant mine region could come either from natural origin or from human impacts in the past. According to our investigations, they cause no problem for the plants; species growing in the meadows look strong and healthy and no community degradation was observed.
Species composition and vegetation structure
The plant communities of the investigated mine spoil heaps are very poor in species on Pb-Zn habitats and even lower number of species occur on the old Curich mine heaps. The latter can be associated with extremely high Cu toxicity to many plant species. High concentrations of Cu are known to trigger oxidative damage and alterations of cell membrane properties by peroxidation of lipids, to inhibit photosynthesis and respiration, disturb both carbohydrate and N metabolism (Balsberg-Pahlsson, 1989; Yruela, 2005) .
Mine heap vegetation consists of a few specialists that have created an open mosaic stands. This is very similar to other mine habitats in Europe (Schubert, 1953; Ernst, 1974; Dorrington & Pyarr, 1982; Babalonas & Reeves, 1988; Malaisse, 1999; Rodwell, 2000) . Polymetallic soils allow for the growth of some plants only (Ernst et al., 2004) , which have evolved mechanisms to tolerate and resist high doses of metals (e.g. Ernst et al., 1992) . In addition, however also nutrient and humus contents and water availability are very important factors (Woolhouse, 1963; Ernst, 1976) . Such different edaphic conditions must be taken into consideration also in our observations and could contribute to the significant differences in species richness and floristic composition of heavy metal plant communities and non-metalliferous grasslands.
The studied non-metalliferous meadows provide suitable habitats for a great number of species. Ružičková & Halada (2005) found species-rich orchard meadows with average number of 41 species in Banská Štiavnica region. In the same region we found 36 plant species in the meadows close to the mines. The investigated meadow sites located in close vicinity to Cu-rich mine heaps in Staré Hory showed rather species-rich stands (37), particularly when compared with the mine heaps. However Ružičková (2002) recorded an average of 60 species in many meadow sites in the surrounding mountains. This difference can be of local origin or due to the habitat disturbance, grazing or metal contamination of the meadows located close to the mines in Banská Štiavnica and Staré Hory regions.
We found diverse structures in the mine heap vegetation. Vascular and non-vascular plants occur in both regions and developed specific structures of plant communities on the mine heaps in the process of natural succession. Vascular plants, especially grasses and forbs dominate, whereas trees occur only seldom and show distinctive signs of stress or they are not viable at all. This is in accordance with other observations showing that soils with high heavy metal levels were too toxic for expanding of trees (Ernst et al., 2004) . Free space in the plant communities is occupied by the non-vascular plants in both mine heaps. Lichens build dense carpets mainly in the old Cu heaps. In Europe, lichens usually occur in the heavy metal plant communities of the class Violetea calaminariae Br.-Bl. et Tx. 43. Plant communities from mine heaps in Slovakia are closely related to the Armerietum halleri Libbert 1930. According to the published phytosociological tables of this community (Ernst, 1974) , lichens reach ca 20% of all species. Likewise, lichens form a high cover and create an important part of species diversity (14% out of all plants) in the heavy metal vegetation in Mansfeld in Germany (Schubert, 1953) . Similar proportion of lichens was found on the old Cu heaps in Central Slovakia (Banásová, 1976) .
The surrounding non-metalliferous meadows serve as propagule sources influencing the diversity of the flora on contaminated habitats. Only those plants can survive on mine spoil heaps, which are able to develop mechanism of tolerance. The tolerant ecotypes were identified in several species (e.g. Jowett, 1958; Gregory & Bradshaw, 1965; Brooks & Crooks, 1980; Karataglis, 1980; Reeves & Brooks, 1983; Schat & Ten Bookum, 1992; Punz, 1995; Grodzinska & Sarek-Lukaszewska, 2002; Song et al., 2004) . Some of these species were found also in the studied heavy metal sites: Acetosella vulgaris, Agrostis stolonifera, A. capillaries, Arabidopsis arenosa, Avenella flexuosa, Festuca rubra, Dianthus carthusianorum, Silene dioica, S. vulgaris, Thlaspi caerulescens, and Thymus pulegioides. Some lichen species common in the heavy metal habitats in Central Slovakia e.g. Cladonia arbuscula subsp. mitis, C. cariosa, C. pyxidata, Stereocaulon incrustatum and S. nanodes were described as tolerant to high metal content (Nash, 1989) .
Mine spoil heaps are ecological islands: the number of immigrants is restricted by the low potential of most plants to evolve metal resistance (Ernst, 1990) . This has been confirmed by the absence of several plant species in mine spoil heaps. Although the species e.g. Dactylis glomerata, Briza media, Jacea pseudophrygia, Knautia arvensis, Leucanthemum vulgare, Salvia pratensis are abundant in the non-metalliferous meadows in Banská Štiavnica and Staré Hory regions, they do not occur on mine heaps rich in heavy metals. On the other hand, some vascular plant species occur in both metalliferous and non-metalliferous habitats in the studied regions (Tab. 2). For such plants Lambinon & Auquier (1964) proposed the term "psedometalophytes". The markedly lower number of such psedometalophytes in the Cu mining as compared to Pb-Zn mining region may also suggest a possible impact of Cu toxicity on plants.
Slight differences in plant species composition between Pb-Zn mine heaps and Cu mine heaps are probably of local origin. Heavy metal tolerant species Acetosella vulgaris, Arabidopsis arenosa, Viola tricolor are frequent and abundant in both types of soil contamination. Agrostis capillaris grows on Pb-Zn mine heaps while A. stolonifera on Cu mine heaps. Silene vulgaris is present only on few heaps in the Pb-Zn region, but it is more frequent in Cu mine heaps in Central Slovakia. Silene dioica, the typical meadow species for the Staré Hory region (Ružičková, 2002) , reached higher frequency and cover on Cu mine heaps but we did not find it on Pb-Zn heaps.
Interestingly Thlaspi caerulescens participates differently in the mine heap vegetation of the two investigated regions. While it is an important part of the stand on Pb-Zn mine heaps its occurrence is restricted on heaps with lower Cu content (878 mg kg −1 ) in the Cu mine region. We did not find it on the mine heaps extremely rich in Cu (6710-8224 mg kg −1 ) although it occurred in the natural meadows close to this mine heap. The absence of T. caerulescens may be due to its possible sensitivity to the extremely high soil concentration of Cu (Lombi et al., 2001) .
We can conclude that the investigated Pb-Zn and Cu rich heaps are covered by a limited number of species despite of the species-rich meadows occurring in their surroundings. The marked differences between both types of heavy metal-rich heaps as well as between the metalliferous and non-metalliferous sites were manifested in the species richness, species diversity, and structure of plant communities. The vegetation cover on Cu-rich mine heaps is characteristic by predominance of heavy metal tolerant vascular plants and high number and coverage of the lichens while on Pb-Zn mine heaps in addition to heavy metal tolerant plants several xerothermophilous plant species are abundant. The differences between metalliferous and non-metalliferous vegetation concerned mainly the species richness. Also the vegetation structure in non-metalliferous meadows was uniform, in contrast to the mine heap vegetation.
